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Body size is a fundamentally important trait for fitness in many animal species because it 
correlates positively with survival and reproductive success. In many fish species, large 
females exhibit higher fecundity and produce higher quality offspring compared to small 
females. Similarly, male body size can affect offspring quality and early life-history traits but 
the importance of these effects to the reproductive biology of fish is poorly studied. The 
extent to which variation in reproductive success is explained by parental body size is an 
important research topic because size-selective fishing usually reduces the average size of 
reproducing adults in a population. In my dissertation, I studied the parental size effects on 
reproductive success in a model species (zebrafish, Danio rerio). I also studied the effects of 
size-selective harvesting on body size, maturation and reproductive output. Body size and 
condition factor were important determinants of the initiation of maturation in zebrafish. 
Large females were found to have higher reproductive success compared to small females and 
a significant effect of male body size on early life-history traits was documented. I found that 
large males were also favored by the females resulting to differential allocation of 
reproductive resources toward large males. The maternal- and paternal-size effects ultimately 
led to elevated reproductive success of experimental spawning stocks consisting of large or 
random-sized individuals compared to spawning stocks consisting of small individuals. Size-
selective harvesting induced rapid phenotypic and genetic changes, which persisted after 
selection was halted. This suggests that fishing-induced changes might be hard to reverse. My 
results emphasize the importance of body size to the reproductive biology of zebrafish and 
suggest that protecting large fish might be important to maintain the reproductive potential of 
exploited fish stocks.  
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Die Körpergröße ist von großer Bedeutung für die Fitness vieler Tiere, weil sie positiv mit 
Überleben und Reproduktionserfolg korreliert ist. Große Rogner vieler Fischarten sind 
fruchtbarer und produzieren Nachkommen von höherer Qualität verglichen mit kleineren 
Weibchen. Auch für Milchner einiger Fischarten wurde ein Einfluss der Körpergröße auf 
frühe Lebensstadien nachgewiesen. Der größenabhängige paternale Effekt verglichen mit 
maternalen Effekten ist weniger gut untersucht. Das Verständnis der Variation im 
Reproduktionserfolg als Funktion der Körpergröße der Laicher ist wichtig, weil die Fischerei 
die Durchschnittsgröße des Laicherbestands reduziert. In vorliegender Dissertation wurden in 
Laborversuchen an Zebrafischen (Danio rerio) größenabhängige paternale und maternale 
Effekte auf den Reproduktionserfolg und die Auswirkungen größenselektiver Entnahme auf 
Körperlänge, Reifung und Reproduktionserfolg untersucht. Die Köperlänge und Kondition 
waren wichtige Determinanten der Reifung bei Zebrafischen. Größere Rogner zeigten 
höheren Reproduktionserfolg als kleinere Fische und ein signifikanter Einfluss der 
Milchnerkörperlänge auf die frühen Lebensstadien ihrer Nachkommen wurde dokumentiert. 
Längere Männchen wurden von Rognern auch bei der Paarung bevorzugt. Die 
größenabhängigen maternalen und paternalen Effekte waren ausschlaggebend für den 
erhöhten Reproduktionserfolg von Zebrafischlaichbeständen, die, verglichen mit kleinen 
Laichern, aus großen oder zufällig zusammengesetzten Individuen zusammengesetzt waren. 
Die größenselektive Entnahme führte zu phänotypischen und genetischen Veränderungen, die 
nach Einstellung der experimentellen Befischung persistierten. Das deutet an, dass die durch 
die Fischerei ausgelöste Evolution schwierig umkehrbar sein könnte. Die Köpergröße ist von 
überragender Bedeutung in der Reproduktionsbiologie des Zebrafisches und der Schutz 
großer Laichfische kann wichtig für den Erhalt der Reproduktionskapazität von befischten 
Beständen sein.  
 
Schlagwörter: Körpergrößen, Reproduktionserfolg, maternale Effekte, paternale Effekte, 




1    BACKGROUND 
Body size has long been recognized as a fundamentally important trait influencing several 
fitness-related aspects in an individual’s life, such as survival and reproduction (Peters 1983). 
In fish, large body size is generally considered advantageous as it has been shown to correlate 
positively with fecundity (Wootton 1998), offspring quality (Heath 1998, Berkeley et al. 
2004), mating success (Andersson 1994) and longevity (Roff 1992, Hutchings 1994) and 
negatively with reproductive costs, such as winter mortality (Lindstrom 1998, Schultz and 
Conover 1999). Furthermore, body size can be positively associated with the ability to 
provide parental care (Wiegmann and Baylis 1995), probability of attracting mates (Foote 
1988) and ability to acquire and defend nest sites (Vandenberghe and Gross 1989). In fact, the 
link between body size and fitness is so well established that size is frequently used as a 
surrogate for fitness when direct measurements of lifetime fitness are impractical or 
impossible (Dmitriew 2011). Although large body size might be favored by natural selection, 
human harvest of animals in the wild often selects against large body size (Coltman et al. 
2003, Fenberg and Roy 2008, Hutchings and Fraser 2008).  
Fisheries selection typically operates on body size and most harvesting strategies increase 
adult mortality and reduce the relative abundance of large individuals in a population (e.g., 
Hutchings and Reynolds 2004, Kuparinen et al. 2009). By decreasing stock densities, fishing 
reduces intra-specific competition and this can result in greater per capita availability of 
resources (Rose 2001, Poysa et al. 2004). Growth in fish is often very plastic and responds to 
the current environmental conditions (Weatherley 1990), thus higher level of food resources 
may enable faster growth and earlier maturation at a potentially larger size (Stearns and 
Crandall 1984, Reznick 1990, Rochet 1998). However, the effects of fishing often go beyond 
simply releasing a stock from intra-specific competition. For example, the compensatory 
responses, related to accelerated growth and maturation, may further be affected by changes 
in the physical (e.g., temperature; Atkinson 1994, Kjesbu et al. 1996) or biotic environment 
(e.g., predation regime, Reznick and Endler 1982, Ball and Baker 1996). Furthermore, 
fisheries theory assumes that phenotypic variation is purely environmental and that removing 
biomass stimulates new production for further harvest without changing the intrinsic (i.e., 
genetic) characteristic of the selected traits (e.g., Christie and Regier 1988, Shuter et al. 1998). 
Thus, fisheries theory typically neglects the genetic influences on life-history traits and 
ignores the potential for fisheries-induced evolution (Conover et al. 2005). 
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High fishing mortality combined with size-selectivity may have negative effects on the 
demographic structure of the exploited stock. For example, reducing the number of spawning 
fish might be disruptive to population’s reproductive success (the Allee effect) because a 
small number of spawners is potentially not able to produce enough offspring to regenerate 
the stock (Myers et al. 1995). More importantly, the spawning stock of an exploited 
population may not only consist of few individuals but also of small individuals due to the 
size-selective fishing practices (Myers et al. 1997, Rose et al. 2000). The positive relationship 
between female body size and fecundity is well-established (Wootton 1998) and maternal-size 
effects on other reproductive traits have also been documented in many marine and freshwater 
fish species (Green 2008, Marshall et al. 2008). Thus, truncating the size distribution by 
selectively removing large females has been suggested to have a strong influence on 
population dynamics, including fisheries yield (Law and Grey 1989, Conover and Munch 
2002) and recruitment (Persson et al. 2007). What remains less studied, however, is the 
potential contribution of male body size to the stock’s reproductive success and the 
mechanisms underlying this contribution (e.g., mate choice). In wild populations, 
environmental variables can generate high stochasticity in recruitment (Eckert 2003, Beldade 
et al. 2006) and demonstrating the effects of size truncation on population’s reproductive 
success might be challenging. Therefore, experimental studies may be helpful showing the 
effects of size truncation on population’s reproductive rate and further help us to understand 
the mechanisms behind the potential positive relationship between parental body size and 
reproductive success.  
In addition to the population level demographic changes, fishing can also change individual 
life histories (Ricker 1981, Rijnsdorp et al. 2005, Vainikka et al. 2009). Life-history traits 
strongly influence stock productivity because they determine the timing of mortality and 
reproduction, thus detecting changes in life-history traits is important to the management of 
fish stocks. One of the principal life-history changes caused by size-selective fishing is 
reduced age at maturation, which has been detected by several long-term studies of exploited 
fish populations (Ricker 1981, Rijnsdorp 1993, Ricker 1995, Heino and Dieckmann 2008). 
Earlier maturation can be a result of improved growth conditions because fishing can lead to 
greater per capita food supply. However, decreases in age at maturation have been often 
accompanied by decreases in size at maturation (Ricker 1981, 1995). Because size-selective 
fishing increases mortality at some particular age and size, the reproductive output is typically 
increased before the mortality occurs. Thus, fish that mature early and at a small size have a 
9 
 
fitness advantage because they have an increased rate of gene input into the population before 
they are harvested. A life-history trait closely linked to maturation is growth, which has also 
been reported to respond to size-selective fishing pressure (Favro et al. 1979, Ricker 1981, 
Conover and Munch 2002, Edeline et al. 2007, Swain et al. 2007). Like maturation, growth is 
a complex process and selection imposed by fishing might affect multiple mechanisms 
simultaneously influencing growth (Heino and Godo 2002, Enberg 2011). Although size-
selective fishing has been suggested to select for slow growth (Favro et al. 1979, Conover and 
Munch 2002, Edeline et al. 2007, Swain et al. 2007), predicting the consequences of fishing 
on growth might not always be straightforward. For example, different components of growth 
are subject to various selection pressures (Enberg 2011) and the benefit of decreased fishing 
mortality by growing more slowly (thus entering the vulnerable size class later) must be 
weighed against the costs of decreased fecundity (Wootton 1998) and increased natural 
mortality (Pitcher 1993). When fish are faced with increasingly high adult mortality, selection 
will favor not only earlier reproduction but also higher reproductive effort at age, at the 
expense of body growth (Heino and Kaitala 1999). Indeed, size-selective fishing has been 
shown to lead to increased reproductive investment, in terms of ovary weight (Yoneda and 
Wright 2004, Rijnsdorp et al. 2005, Wright 2005) but the overall reproductive success may 
nevertheless remain low due to the maternal and paternal -size effects on offspring quality 
(Marteinsdottir and Steinarsson 1998, Berkeley et al. 2004, Birkeland and Dayton 2005) that 
go beyond the positive relationship between female size and fecundity.  
Fish stocks have collapsed in recent years, thus the potential for fisheries-induced evolution 
has received considerable attention (e.g., Jorgensen et al. 2007, Kuparinen and Merila 2007, 
Hutchings and Fraser 2008). It has been suggested by using statistical modeling that size-
selective fishing can cause genetic changes in life-history traits, for example in age and size at 
maturation (Dieckmann and Heino 2007, Dunlop et al. 2009). Size-selective fishing has a 
potential to cause evolutionary changes in harvested stocks because strong fishing-induced 
selection is operating on a trait, which is heritable and expresses phenotypic variation within 
species (Jennings et al. 1998, Law 2000, 2007). However, disentangling the plastic changes 
from the genetic ones in wild populations can be extremely challenging as fishing represents a 
massive, uncontrolled experiment in a constantly changing environment (Rijnsdorp 1993, 
Law 2000). Direct evidence of genetic changes (i.e. changes in genotype frequencies) caused 
by size-selective fishing, is seldom available, thus the inference of the evolutionary effects of 
fishing is often based on observed changes in phenotypes, which may also reflect responses to 
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changes in environmental conditions (Kuparinen and Merila 2007). The lack of conclusive 
evidence is likely one of the reasons why considerations of fishing-induced evolutionary 
changes have not entered the fisheries management level. Furthermore, evolutionary changes 
are often thought to occur only at time scales irrelevant to fisheries management (Palumbi 
2001, Stockwell et al. 2003). However, the potential for the evolutionary change caused by 
fishing should not be ignored because such changes are likely to occur and they can be hard to 
reverse (Conover et al. 2009). 
Demonstrating conclusively that fishing can cause evolutionary changes in an exploited stock 
is one of the many issues related to the effects of size-selective fishing that are not decisively 
resolved. To this end, an experimental approach can be helpful in demonstrating the 
demographic and evolutionary risks of size-selective fishing. It can help us to answer 
questions, such as how does spawner body size affect reproductive behavior, reproductive 
output and a range of early life-history traits, which in turn can have important consequences 
for population dynamics (Bailey and Houde 1989, Caley et al. 1996). To increase our 
understanding of the effects of spawner body size on population’s productivity and to increase 
the awareness of the largely neglected issues, such as the potential importance of male body 
size and female mate choice to reproductive success, I conducted experiments focused on 
these topics in controlled laboratory environment and used zebrafish (Danio rerio) as a model 
species. The results of these experimental studies can be considered in a fisheries framework 
and thus, they can help us to understand the mechanisms behind the observed changes and the 










1.1 Study system 
All studies in this thesis were conducted in laboratory conditions to control confounding 
environmental effects. Although experimental approaches have their limitations, they do have 
the potential to provide valuable insights into functional and mechanistic understanding of 
complex processes, such as reproductive success (Conover and Baumann 2009). The identical 
environmental conditions among treatments in each of the experiments ensured that the 
observed differences in reproductive success were most likely related to body size, which was 
the explanatory trait of interest in all of the studies, rather than to some unknown extrinsic 
factor. I further employed an artificial selection experiment, which can be considered a vital 
tool in ecological and evolutionary studies and can help us to understand the agents driving 
adaptation and to disentangle the correlative responses to selection (Conover and Munch 
2002, Walsh et al. 2006).   
Empirical model species can play an important role in advancing our fundamental knowledge 
of fisheries science. Although, focusing on the species with most economic importance is 
relevant from the management perspective, these species are often difficult to study 
empirically. My model species, zebrafish (Danio rerio Hamilton), is a small-bodied cyprinid 
fish native to India, Bangladesh and Nepal (Spence et al. 2008). Despite that zebrafish is used 
routinely in applied and fundamental research (http://zfin.org), little is known about its natural 
ecology and only few studies so far have been conducted on wild zebrafish (Robison and 
Rowland 2005, Wright et al. 2006, Hutter et al. 2010). It is not clear to what extent and to 
what respect laboratory strains differ from wild fish, nor how much inter-population 
phenotypic variation exists in nature (Spence et al. 2008). Therefore, research on phenotypic 
traits in wild zebrafish can be valuable itself and in particular when associated to the genetic 
variation. Such studies can improve our understanding of the general phenotype-genotype 
associations and become extremely important when related to anthropogenic disturbance, 
such as habitat degradation or size-selective harvesting. 
In zebrafish, maturation is suggested to be related to size rather than age (Eaton and Farley 
1974, Spence et al. 2008) but the age and size at maturation and the plasticity of these traits 
remain poorly studied in laboratory fish (Eaton and Farley 1974) and there are no studies 
conducted on these traits in wild zebrafish. Natural spawning is seasonal and reproduction 
probably cued by food availability (Spence et al. 2006) but domesticated strains spawn all 
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year round in laboratory conditions at intervals of 1 to 6 days (Spence and Smith 2006). 
Zebrafish is a batch spawner and produce relatively large eggs in small clutches over a short 
period at dawn (Spence et al. 2007). In laboratory zebrafish, clutch size is known to correlate 
positively with inter-spawning interval (Spence and Smith 2006), female age (Eaton and 
Farley 1974) and body size (Spence and Smith 2006) but nothing is known about the 
reproductive success of wild zebrafish females or males. Female mate preference and 
allocation of reproductive resources are determined by male body size according to some 
studies (Pyron 2003, Skinner and Watt 2007b), whereas other studies show that female 
preference is not based on male body size but on some other, unknown characteristics (Spence 
and Smith 2006, Hutter et al. 2010). Despite years of research in developmental genetics and 
embryology (Grunwald and Eisen 2002), surprisingly little attention has been paid to the life 
histories and mate choice behavior of zebrafish, in particular of wild zebrafish (but see Hutter 
et al. 2010). Ignoring the origin of the fish (i.e., whether it is a laboratory fish or a wild fish) 
in experimental studies can represent a fundamental shortcoming, as phenotypic, and 
potentially genetic, variation associated to reproductive traits, (early) life-history traits and 
behavioral traits expressed by laboratory strains can be extremely reduced compared to wild 
fish (Whiteley et al. 2011). Therefore the information received by using laboratory zebrafish 





Zebrafish, Danio rerio. (www.egosumdaniel.se/illustrations/Zebrafish) 
1.2 Research questions 
All the experiments in my thesis aimed to link body size to reproductive success by looking at 
this relationship from different perspectives. In addition to providing valuable new 
information about wild zebrafish reproductive traits and reproductive behavior, I aimed to 
contribute to the fundamental understanding of the potential effects of size-selective mortality 
0 20 mm 
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(e.g., through fishing) on fitness-related traits and its implications to populations' reproductive 
potential. I further present results from an artificial selection experiment and demonstrate the 
effects of size-selective harvesting on population’s reproductive success after one generation 
of harvesting. In the final chapter, I show preliminary results of the phenotypic and genetic 
effects of size-selective harvesting after continuing the selection experiment for five 
generations.  
The specific questions addressed, each with a corresponding research topic (Fig. 1) are: 
1. MATURATION. Maturation is known to be a plastic process and it is often strongly 
related to growth. Here, I studied whether maturation exhibits plasticity in wild 
zebrafish and which factors determine maturation. The probabilistic maturation 
reaction norm (PMRN) is a statistical model, commonly used to disentangle the plastic 
responses from genetic ones in maturation. Despite this method has been used 
extensively, it has not been assessed experimentally. Therefore, I additionally asked, 
does the PMRN predict maturation probability accurately and account for all the 
phenotypic plasticity in maturation probability? (Paper I) 
2. MATERNAL- AND PATERNAL-SIZE EFFECTS ON REPRODUCTIVE 
SUCCESS. The effects of maternal body size on offspring phenotype has been 
intensively studied but surprisingly little is known of the influence of paternal body 
size on reproductive success and offspring fitness. Therefore I asked, is the 
reproductive success in zebrafish mostly determined by female body size or can we 
expect male body size to contribute to the reproductive output and early life-history 
traits as well? The experimental design employed in this study implicitly recognizes 
the importance of free behavioral interaction between a female and a male. Similar 
approach has not been commonly used in earlier studies, which have typically 
employed artificial fertilization. (Paper II) 
3. FEMALE MATE CHOICE AND DIFFERENTIAL ALLOCATION. Mate choice 
and reproductive behavior are closely linked to reproductive success but are often 
neglected in studies where the positive relationship between female phenotype and 
reproductive success is emphasized. I tested whether zebrafish females exercise mate 
choice based on male body size and whether females can be expected to allocate more 
reproductive resources to large males compared to small males. I further tested if the 
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potential allocation pattern is plastic and could be altered by manipulating the 
expected future mate quality. (Paper III)  
4. THE EFFECTS OF SIZE SELECTIVE HARVESTING. In this chapter, I describe 
results of the artificial selection experiment after one generation of harvesting that 
demonstrate differences in reproductive success among spawning stocks consisting of 
large, small and random-sized fish (Paper IV). Finally, I introduce some behavioral 
aspects of size-selective fishing (Paper V). 
5. GENETIC EFFECTS OF SIZE-SELECTIVE HARVESTING – 
PRELIMINARY RESULTS. In the final chapter, I present preliminary results 
answering the question: can size-selective harvesting induce phenotypic and genetic 
changes in an experimental fish population after only five generations of harvesting?   
 
 
Figure 1. Size-selective fishing reduces average body size in a population and this phenotypic 
response can have a plastic (reversible) or genetic origin (slowly reversible or largely irreversible). 
Regardless of the origin, the change toward smaller body size can have serious short-term or long-term 
consequences translating to changes in life histories, e.g., in age and size at maturation, and in 
reproductive success. Changes in the overall reproductive success can be affected by changes in 
maternal body size, paternal body size and by male-size dependent female mate choice and differential 
allocation of reproductive resources.    
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2 METHODOLOGICAL OVERVIEW 
2.1 Maturation 
To study factors determining maturation (age, length, relative condition factor) in wild 
zebrafish, I exposed genetically similar fish to highly diverse ecological environments, 
simulated by varying food levels, which were expected to induce phenotypic variation in 
growth and maturation. I used probabilistic maturation reaction norm (PMRN) to estimate the 
age- and size-specific probabilities that an immature individual matures at a given time 
interval (Heino et al. 2002). To visualize the PMRN and its shape and position as a function of 
age, size and relative condition, the lengths at which the probability of maturing would be 25, 
50 and 75 % were estimated using the demographic estimation method described in Barot et 
al (2004a).     
2.2 Maternal- and paternal-size effects on reproductive success 
Here, I disentangled the maternal- and paternal-size effects on wild zebrafish reproductive 
output and early life-history traits. Females and males were assigned into four different size-
categories: small, medium, large and very large and coupled in a full factorial design. In 
addition to monitoring reproductive output and early life-history traits of the different size 
combinations, I summarized the effects of individual traits on overall reproductive success 
and used spawning probability, clutch size, egg fertilization probability, egg survival 
probability and larval hatching probability to estimate an integrative measure of reproductive 
fitness.  
2.3 Mate choice and differential allocation 
To answer the question whether zebrafish females prefer larger males, differentially allocate 
reproductive resources based on male body size and whether this pattern can be altered by 
previous experience of different-quality males, I conditioned same-sized females to social 
environments, which consisted of different-sized males (random-sized, large and small). After 
the conditioning period, individual females from different conditioning treatments were 
coupled with either a large male or a small male for two days and the spawning frequency, 




2.4 The effects of size-selective harvesting 
In the selection experiment, wild zebrafish were subjected to three forms of size-selective 
harvesting (with two replicates for each treatment): large-, small- or random size-selective 
harvest. I applied 75 % mortality rate, which was chosen to mimic mortality in recreational 
fisheries where it has been reported to be realistic, although close to the maximum (80 %) 
mortality rate (Lewin et al. 2006). Populations selected for small body size were harvested of 
all fish with lengths exceeding the 25th percentile (i.e., the largest 75 % were removed), a 
practice that mimics recreational and commercial fisheries. In populations selected for large 
body size, all fish with lengths below the 25th percentile were harvested (i.e., the smallest 75 
%). The control populations were harvested at a 75 % rate, but randomly with respect to size 
(Fig. 2). To assess the reproductive output of differently-selected spawning stocks after one 
generation of selective harvesting (F1 –generation), I monitored the spawning frequency, egg 
numbers and fertilization rate. I further estimated several early life-history traits, such as egg 
size, egg mortality rate, larval age-at-hatch, larval length-at-hatch, larval area-at-hatch, larval 
yolk-sac volume and the effect of parental size on offspring growth. These traits were used to 
describe the reproductive success of the differently-selected lines. 
The first five generations (F1 – F5) were all held in the rearing tanks, harvested at maturation 
(i.e., when 50 % of the randomly selected fish were mature) and the spawners were 
transferred to the spawning facility to produce offspring for the next generation. The selection 
continued for five generations after which it was halted for three generations. Differences in 
size at age and reproductive output (defined as spawning frequency and number of eggs 
produced) among the selection treatments were monitored for each generation. In addition, 
differences in age and size at maturation and in growth among the selection treatments were 
studied using previously published protocols (Paper I, Paper IV). For the genetic analyses I 
sampled F0 –, F1 –, F3 – and F6 –generation fish and used 384 non-neutral markers (single 
nucleotide polymorphisms), which were distributed evenly over the genome. The markers 




Figure 2. In the artificial selection experiment, fish were reared in six rearing tanks with two replicate 
each (N = 450 per replicate). 75 % mortality regime was applied when the fish started to mature. The 
spawning stocks were transferred to the spawning facility for the offspring production and the next 
generation juveniles were transferred back to the rearing tanks at age 30 days. The selection was 
continued for five generations.  
 
3 MAIN FINDINGS AND DISCUSSION 
3.1 Maturation 
In fish, maturation exhibits tremendous amount of phenotypic plasticity (Alm 1959, Reznick 
1983, Reznick 1990), which is determined by the environmental conditions individuals 
encounter. The most typical environmental variables which influence maturation, and growth, 
are food supply, temperature and light (Alm 1959, Sandstrom et al. 1995, Hansen et al. 2001). 
Maturation and growth are closely linked and acceleration of growth can result in earlier 
maturation (Policansky 1993, Atkinson 1994, Trippel 1995). However, when energy intake is 
low most of the necessary energy allocations may be directed to maintenance of body 
functions and less to somatic growth and gonad growth (Roff 1983). Thus, decreased resource 
availability may cause maturation to occur both later and at a smaller size, whereas when 
resource levels increase individuals tend to grow faster and reach maturity earlier and at a 
larger size (Reznick 1993). High fishing pressure is known to increase per capita resource 
availabilities by reducing population densities and this might result in earlier maturity at a 
larger body size (Stearns and Crandall 1984, Reznick 1990). Larger body size can further lead 
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to higher fecundity and shorter intervals between successive spawnings among the surviving 
individuals (Hislop et al. 1978, Reznick and Yang 1993) and collectively, to a large increase in 
the potential growth rate of the population. This increase in individual and population growth 
rate represents a compensatory response (Policansky 1993, Trippel 1995), which is typically 
invoked to explain earlier maturation in exploited stocks. However, one has to keep in mind, 
that although age and size at maturation are highly plastic and vary in response to the 
environment, they are also partly genetically determined (Aubin-Horth et al. 2005, Basolo 
2008) and perturbations in the environment, such as size-selective fishing, may induce an 
evolutionary response in these traits by selecting for small body size and early maturation 
(Olsen et al. 2004, Swain et al. 2007).    
In Paper I, entitled “Experimental assessment of the probabilistic maturation reaction norm: 
condition matters”, I showed that growth and maturation are highly plastic processes in 
zebrafish. I demonstrated that individuals held in low-food environment had a higher 
probability to mature later and at smaller sizes compared to individuals held in high-food 
environments. In addition to length, my results suggest that condition, that represents 
individual’s nutritional status, might be a significant factor in determining maturation 
probabilities. Nutritional state can strongly affect maturation (Bernardo 1993, Metcalfe 1998, 
Marteinsdottir and Begg 2002), for example through a certain energy threshold level, which 
must be reached before individual can initiate maturation (Rowe et al. 1991, Silverstein et al. 
1997). This suggests that fast growing individuals attain the physiological minimum 
reproductive size earlier compared to individuals exhibiting lower growth rates (Rowe and 
Thorpe 1990, Rowe et al. 1991). In my study, the experimental fish in low-food environment 
potentially allocated energy mainly to maintenance of body functions, thus were less often 
able to reach a potential condition and / or size threshold compared to fish reared in high-food 
environment. This study shows that maturation in zebrafish is not only determined by length 
but also by condition. Altogether, my results support the general finding that when resource 
levels are high, individuals mature earlier and at a larger size.  
One of the great challenges in fisheries science is to determine whether the changes observed 
in maturation are of plastic, i.e., caused by temporary changes in environmental conditions, or 
of genetic origin, i.e., caused by divergent selection. Heino et al. (2002) proposed to use a 
probabilistic maturation reaction norm (PMRN) to disentangle phenotypic plasticity and 
genetic effects influencing maturation. PMRN is expected to capture most of the 
19 
 
environmentally-induced variation in maturation, assuming all the variables contributing to 
maturation are incorporated in the model (Heino et al. 2002, Dieckmann and Heino 2007, 
Heino and Dieckmann 2008). Horizontal shifts in the position of the PMRN reflect 
phenotypic plasticity and a shift in the vertical position is often considered as an indication of 
a genetic change in the maturation schedule (Fig. 3; Heino et al. 2002, Dieckmann and Heino 
2007, Heino and Dieckmann 2008). PMRNs have been estimated for numerous fish 
populations of marine and freshwater species, including Atlantic and Baltic cod (Gadus 
morhua Barot et al. 2004b, Vainikka et al. 2009), American plaice (Hippoglossoides 
platessoides, Barot et al. 2005), grayling (Thymallus thymallus, Haugen 2000), and 
smallmouth bass (Micropterus dolomieu, Dunlop et al. 2005). Many of the studies 
implementing PMRN suggest that changes in maturation in exploited fish stocks cannot be 
accounted for by growth-related phenotypic plasticity but that an evolutionary change has 
occurred in age and size at maturation. Most studies are based on time-series or they compare 
distinct periods of time but there are no studies testing the PMRN estimation method 
experimentally.  
 
Figure 3. The principal idea of the PMRN approach. Lines indicate the hypothetical PMRN illustrating 
the age and size combination at which the maturation probability is 0.5. Variation in growth (growth 
curves in thin solid lines) determines the part of which the PMRN can be observed (thick lines). 
Vertical shift in the PMRN over time is not expected to be a result of growth differences but a genetic 
change in age and size at maturation (Heino and Dieckmann 2008). One can determine whether a 
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genetic change has occurred in age and size at maturation by comparing two PMRNs from different 
time periods.  
In this study, I used the PMRN to estimate zebrafish maturation probabilities and assessed the 
method experimentally. As a result, not only plasticity in zebrafish maturation but also in the 
PMRN itself was documented (see also Morita et al. 2009). This was indicated by a diet-
dependent shift in the two-dimensional, age and length based, PMRNs constructed for fish 
exposed to different diets (Fig. 4a). However, the shift was clearly reduced after condition 
factor was added in the estimation model (Fig. 4b). This indicates that condition factor is an 
important determinant of maturation in zebrafish. Collecting data of other phenotypic traits 
important for maturation than length can be challenging in the field and therefore the age and 
length based PMRN is often used to estimate the origin of changes in maturation for wild fish 
populations. However, I showed that age and length may not be sufficient for predicting 
maturation probabilities reliably but a more integrated view may be required. I emphasize that 
including other important traits, such as condition factor, in the estimation model is needed to 
make accurate conclusions about differences in maturation trends in the fisheries context.   
 
Figure 4. Probabilistic maturation reaction norms with 50 % quantiles (i.e. midpoints) for a) two-
dimensional, age and length based and b) three-dimensional, age, length and condition-based PMRN 
models (thin dashed line: 0.5 % diet, thin solid line: 1 % diet, thick solid line: 2 % diet, thick dashed 
line: 4 % diet, bold dots: 8 % diet). 
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3.2 Maternal- and paternal-size effects on reproductive success  
The effect of parental body size, in particular maternal body size, on fecundity, early life-
history traits and offspring performance is widely recognized for many freshwater and marine 
fish species (reviewed in Wootton 1998, Green 2008, Marshall et al. 2008). Large females 
typically produce greater number of eggs (Wootton 1998) and often also higher quality eggs 
compared to small females (Chambers and Leggett 1996, Green 2008, Marshall et al. 2008). 
Furthermore, female body size has been demonstrated to have an effect on larval age at hatch 
(Kennedy et al. 2007, Regnier et al. 2010), larval size at hatch (Pepin et al. 1997, 
Marteinsdottir and Begg 2002), and larval condition (Berkeley et al. 2004, Sogard et al. 
2008). Although large females may enhance their offspring viability through traits related to 
egg and larval size, such as greater feeding success, higher swimming activity and higher 
specific growth rate (Knutsen and Tilseth 1985, Solemdal 1997, Marteinsdottir and 
Steinarsson 1998), larger egg and larval sizes may also impose constraints that negatively 
influence survival, for example through longer developmental times (Kamler 1992) or 
differences in larval resource intake (Heath et al. 1999). Despite many factors suggesting that 
maternal-size effects positively influence offspring viability and that large females have a 
disproportionate contribution to the number of successful recruits, such results cannot be 
generalized across all fish species and ecological contexts (McLean et al. 2004, Kamler 
2005), for example due to the complexity of linking the environment to the phenotype 
(Marshall et al. 2010).  
Most of the parental-induced variation in reproductive traits is assumed to be attributable to 
maternal-size effects, which are propagated through the egg characteristics (Chambers and 
Leggett 1996, Heath et al. 1999). Maternal nutritional contribution to the fertilized egg is 
much greater than the paternal contribution because sperm contains virtually no extra-nuclear 
material and therefore it is commonly assumed that maternal effects overwhelm paternal 
effects (Chambers and Leggett 1996, Marteinsdottir and Steinarsson 1998, Kennedy et al. 
2007). Thus, maternal- and paternal-size interactions and the contribution of sperm to 
developing embryo have been underrepresented in the literature and paternal effects on early 
life-history traits have been demonstrated only on a handful of fish species (e.g., herring 
(Clupea harengus) Hoie et al. 1999, brown trout (Salmo trutta), Vollestad and Lillehammer 
2000, European sea bass (Dicentrarchus labrax), Saillant et al. 2001, haddock 
(Melanogrammus aeglefinus), Rideout et al. 2004). However, paternal body size can 
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contribute to the reproductive success directly, for example through male’s genetic 
contribution to the developing offspring (e.g., good genes hypothesis; Zahavi 1975). In 
addition, male body size may correlate with sperm quantity or quality and this could directly 
affect egg fertilization rate, thus male reproductive success (Howard et al. 1998, Gage et al. 
2004, Skinner and Watt 2007a). Clearly, not only maternal- but also paternal-size effects may 
contribute greatly to the reproductive potential of a population despite the fact that paternal-
size effects are not being recognized so far as a significant source of variation in fish 
reproductive success. However, studying the potential effects of male body size on offspring 
quality and viability can be important for understanding variability in recruitment success. 
In Paper II, “Paternal body size affects reproductive success in laboratory-held zebrafish 
(Danio rerio)”, I focused on disentangling the maternal- and paternal-size effects on a number 
of reproductive traits and showed that large fish generally had higher reproductive success 
compared to small and medium-sized fish. I also demonstrated that in zebrafish maternal size 
correlates positively with the number of eggs but not with egg size as shown in other fish 
species (e.g., haddock, Hislop et al. 1978, Atlantic cod, Marteinsdottir and Steinarsson 1998, 
rockfish (Sebastes sp.), Berkeley et al. 2004). The paper further showed that maternal body 
size contributed significantly to larval quality, so that very large females produced larvae with 
larger yolk sacs compared to other-sized females. Yolk is an important energy reserve for the 
developing larvae and individuals with small yolk sacs might be more susceptible to 
starvation compared to individuals with large yolk sacs (Hunter 1981, Miller et al. 1988). The 
correlation between female body size and larval quality is consistent with previous studies 
(Marteinsdottir and Steinarsson 1998, Kennedy et al. 2007). As expected, in my study very 
large and large females exhibited higher reproductive fitness values compared to medium-
sized and small females (Fig. 5). 
The true novelty of this study lies in significant paternal-size effects identified on several 
larval early life-history traits. Eggs fertilized by large and very large males had higher 
hatching probability and shorter developmental time compared to the eggs fertilized by 
medium-sized and small males. Furthermore, larvae sired by large and very large males 
hatched at a significantly larger size compared to larvae sired by medium-sized and small 
males. Size is an important factor determining larval survival by increasing larval swimming 
abilities, reactive distances and decreasing its vulnerability to predators (Blaxter 1986), thus 
offspring produced by large males may have higher fitness in the wild as. The experimental 
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design utilized in this study, allowed free interaction between female and male instead of 
artificial fertilization. Therefore, I was able to observe differences in reproductive traits that 
were potentially related to mating behavior among different-sized fish. Interestingly, unlike 
among different-sized females, very large males exhibited clearly lower reproductive fitness 
values compared to all other male sizes (Fig. 5). Very large males did sire high-quality 
offspring once spawning occurred but the spawning probability and clutch size they received 
were substantially lower compared to other-sized males.  Thus, very large body size is 
potentially traded off against unknown fitness costs of being too large (Fowler and Partridge 
1989, Pitnick and Garcia-Gonzalez 2002) and specific behavioral processes (e.g., sexual 
harassment) related to very large body size (Morgan et al. 1999, Small 2004) could offer a 
plausible explanation to the low reproductive fitness of very large males.  
Here, I identified for the first time both maternal- and paternal-size effects contributing to 
wild zebrafish reproductive success. Although previous studies have largely neglected the 
paternal contribution to offspring development, I showed that male body size may be equally 
important in determining reproductive success than female body size. Depletion of large 
females and males may have the potential to influence not only stock egg production but also 
the size and viability of offspring. Given the extensive effect that size-selective fishing may 
have on the stock’s demographic structure, it would be beneficial for the fisheries 




Figure 5. The integrated reproductive fitness measure (i.e., the expected number of hatched larvae) for 
different female and male size combinations. The values are expressed as relative to the reference size 
category small female : small male = 1. 
3.3 Mate choice and differential allocation 
Sexual selection represents selection for behavioral, morphological or physiological traits that 
increase individual’s reproductive success (Andersson 1994) and it is partly, but not 
exclusively, the result of males competing for females (male-male competition) and females 
selecting the most attractive male to mate with (female mate choice). Female mate choice is a 
process leading to non-random mating with respect to one or more varying traits in males 
(Heisler et al. 1987). Traditionally, female choice is believed to have evolved because it 
provides females with direct or indirect benefits (Kirkpatrick and Ryan 1991, Kokko et al. 
2003). For example, females can increase their reproductive success by choosing males that 
provide direct, material benefits, such as improved territory quality or paternal care (Heywood 
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1989, Kirkpatrick 1996). In some species, however, females do not seem to receive any direct 
benefits from exercising mate choice and in such cases costly female mate choice can be 
explained by indirect, genetic benefits to the female’s offspring. Two hypotheses are 
traditionally used to link the female mate preference to genetic benefits: according to the sexy 
sons –hypothesis, the sons of choosy females inherit the male’s attractive genes (Fisher 1930, 
Lande 1981, Eshel et al. 2000), whereas in the good-genes model, male attractiveness is 
thought to correlate genetically with general viability (Fisher 1930, Zahavi 1975, Moller and 
Alatalo 1999, Jennions et al. 2001). However, empirical evidence for indirect benefits to 
female mate choice is still limited (Kokko 2001, Kokko et al. 2002) and studies showing that 
female choice increases net offspring fitness are scarce (Kokko et al. 2003, Siepielski et al. 
2011, but see Gerlach et al. 2012). 
Males signal their attractiveness with various traits, such as morphological ornaments (e.g., 
kype and adipose fin in Atlantic salmon (Salmo salar), Jarvi 1990, antlers in red deer (Cervus 
elaphus), Kruuk et al. 2002), pheromones (e.g., redback spider (Latrodectus hasselti), 
Andrade and Kasumovic 2005) or behavioral characteristics (e.g., coutrship rate in guppies 
(Poecilia reticulata), Kodricbrown 1993, song duration in tree forgs (Hyla versicolor), Welch 
et al. 1998). In many fish species, male body size represents a signal of high quality. Male 
body size may correlate positively with the quality of material benefits he offers, for example 
in minnows (Pimephales promelas), large males build larger nests (Hudman and Gotelli 2007) 
and in smallmouth bass (Micropterus dolomieui), large males exercise more intensive parental 
care compared to small males (Wiegmann and Baylis 1995). Consequently, females are 
expected to prefer mating with larger males to increase their reproductive success, hence 
fitness. Females may further adjust their reproductive investment differently to different 
quality males (Sheldon 2000, Harris and Uller 2009). The differential allocation (DA) 
hypothesis predicts that females allocate their reproductive resources in favor of a relatively 
attractive male because of the fitness benefits associated to mating with that particular male 
(Burley 1988). Most of the evidence revealing DA is confined to species exercising parental 
care, where patterns of female investment can be explained by direct selection on female mate 
preferences (Kokko et al. 2003). By contrast, there are only few examples of DA by females 
in species that lack parental care or where males offer no material resources that can directly 
increase female reproductive fitness (European waterfrog (Rana lessonae-Rana esculenta), 
Reyer et al. 1999, rainbowfish (Melanotaenia australis), Evans et al. 2010).   
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Zebrafish has a resource-free mating system and males do not provide any parental care or 
other obvious direct resource benefits to females (Spence et al. 2008). Despite the lack of 
secondary sexual characteristics, females are known to exercise mate choice and prefer 
mating with certain males, although the traits mate choice is based on are not always clear 
(Turnell et al. 2003, Spence and Smith 2006). Some studies have shown that zebrafish female 
preference is based on male body size (Pyron 2003) whereas other studies report that male 
size does not determine female mate choice (Spence and Smith 2006, Hutter et al. 2010). I 
have shown that male body size may contribute significantly to reproductive success in 
zebrafish (Paper II) but I was not able to point out the mechanisms determining the variation 
in reproductive success among different-sized males. Male body size seemed to contribute to 
the general viability of the offspring (Paper II) but whether this was solely a result of male 
good genes or whether female mate choice and DA additionally contributed to these findings 
remained unclear. 
In Paper III, ”Differential allocation in zebrafish (Danio rerio) is robust against the previous 
exposure to different-quality males”, I demonstrated that zebrafish female mate preference is 
mediated by male body size. This was indicated by the higher spawning probability of 
females coupled with large males compared to females coupled with small males (Fig. 6a). I 
further showed that females allocated more eggs (Fig. 6b) towards large males compared to 
small males, thus females expressed differential allocation (DA; Burley 1988, Sheldon 2000). 
There is no evidence that male body size correlates positively with sperm quality (Skinner 
2004), thus egg fertilization success, in zebrafish (Paper II, Paper IV). Yet, I found that eggs 
produced to large males had higher fertilization probability compared to eggs produced to 
small males (Fig. 6c). This can be explained by females biasing the fertilization success by 
producing higher quality eggs, indicated by their higher fertilization probability (Bromage et 
al. 1994), to large males. Overall, the study demonstrates that zebrafish females spawned 
more frequently and produced a higher number and potentially higher quality eggs to large 
males compared to small males. My results support a small number of studies reporting 
similar patterns of female investment in relation to male attractiveness in fish (Hastings 1988, 
Kolm 2001, Skinner and Watt 2007b, Evans et al. 2010). Remarkably, this study is one of the 
few studies demonstrating the existence of DA in a species with a resource free mating system 




Figure 6. The a) average spawning probability, b) average clutch size per day, and c) average egg 
fertilization probability among females from different conditioning treatments coupled with either 
large or small males. Error bars indicate standard error. 
Phenotypically plastic mating behavior may allow individuals to modify their mate choice or 
reproductive behavior to suit the prevailing environmental or social conditions (reviewed by 
Jennions and Petrie 1997). Indeed, it has been shown in various fish species that previous 
experience can influence female mate preferences (e.g., three-spined stickleback 
(Gasterosteus aculeatus), Bakker and Milinski 1991, guppy, Rosenqvist and Houde 1997, 
green swordtail (Xiphophorus helleri), Walling et al. 2008) and social learning patterns (e.g., 
sailfin molly (Poecilia latipinna), Witte and Ryan 2002, reviewed by Brown and Laland 
2003). I exposed zebrafish females to different social environments consisting of different-
sized males to manipulate females’ expectations of the future mate quality. I showed that 
females did not change their mate preferences according to their social history (i.e., 
conditioning to different-sized males) but rather reacted to the immediate social stimuli (i.e., 
the size of a male they were coupled with during the spawning trial). Thus, zebrafish mate 
preference and allocation of reproductive resources seemed to be robust against differences in 
the social environment females were previously exposed to. However, females appeared to be 
less discriminative towards small males after conditioned to various male sizes (Fig. 6b-c). 
Females trained to expect variation in male size might have lower discrimination capability 
towards different-sized males or they might be less reluctant to discriminate small males 
(Rosenqvist and Houde 1997). Thus, in natural conditions, where male size varies, DA may 
be of less prevalence. 
My thesis is hereby complemented by a study, which presents an alternative mechanism 
underlying the contribution of male body size to the reproductive success: indirectly through 
female mate choice and female differential allocation of reproductive resources. This 
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ecologically and evolutionarily important perspective brings more depth to the studies of 
female- and male-size dependent reproductive success by demonstrating that male body size 
may be advantageous not only from a natural but also from a sexual selection point of view. 
Thus, removing large males from the population may operate against both forms of selection 
(Hutchings and Rowe 2008) and this might substantially exacerbate the effects of fishing-
induced selection on reproductive success. 
3.4 The effects of size-selective harvesting 
3.4.1 The effect of size-truncation on stock’s reproductive success 
Body size is an important attribute in many fitness-related processes and, as described in the 
previous chapters, it can be particularly important determinant in individual’s reproductive 
success. Although large body size may be favored by natural selection, fishing selects against 
it and consequently favors small body size. Because even moderate level of fishing pressure 
have been suggested to truncate population’s size structure (Trippel et al. 1997, Scott et al. 
1999), size-selective fishing can have far-reaching ecological and evolutionary consequences 
for population’s reproductive potential (Hutchings 2002). However, demonstrating these 
consequences in wild populations may be challenging and therefore an experimental approach 
can be helpful showing the effect of size truncation, caused by size-selective harvesting, on 
reproductive output and in a range of early life-history traits, which in turn can have important 
consequences for population dynamics (Bailey and Houde 1989, Caley et al. 1996).  
In the final research paper (Paper IV), titled “Size-dependent reproductive success of wild 
zebrafish Danio rerio in the laboratory”, I ultimately aimed to show the potential short-term 
effects of size-selective harvesting on reproductive success by monitoring a range of 
reproductive traits and, additionally, offspring growth until adulthood, after one generation of 
size-selective harvesting. Although, the relationship between female body size and 
reproductive success has been demonstrated earlier in other fish species (e.g., Atlantic cod, 
Marshall et al. 1998, Marteinsdottir and Begg 2002, rockfish sp. Sogard et al. 2008), this 
study is the first to give a full description of parental-size effects on reproductive success 
without artificial fertilization and describing the potential parental-size effects on offspring 
growth in wild zebrafish. The overall lower reproductive success of fish selected for small 
body size, a practice that mimics the selection in recreational and commercial fisheries, 
compared to fish selected for large body size, and occasionally to random-sized fish, consisted 
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of lower spawning frequency, lower egg number (Fig. 7a), higher egg mortality rate (Fig. 7b), 
slower larval developmental rate (i.e. age at hatch; Fig. 7c) and lower larval condition (Fig. 
7d).  
 
Figure 7. The average a) clutch size (i.e., number of eggs produced per female), b) egg mortality rate, 
c) larval age at hatch and d) larval yolk-sac volume produced by spawning stocks consisting of 
different-sized fish. Error bars indicate standard error. 
My results indicate that depletion of large fish may seriously lower a stock’s egg production 
and the reproductive potential is further diminished as small-sized spawners exhibit poorer 
egg quality compared to large spawners. Although the parental size did not have an effect on 
juvenile growth, the offspring of fish selected for small body size exhibited lower condition 
factor at adulthood compared to the offspring of fish selected for large body size and 
randomly.     
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In this experimental study, I wanted to demonstrate the effects of size truncation caused by 
size-selective harvesting on population’s reproductive potential. Obviously, it is not possible 
to directly generalize experimental results to the fish stocks exploited in nature because the 
exact predictions of the effects of reduced parental body size on reproductive fitness also 
depend on environmental conditions and the demographic details of the particular species. 
However, an experimental study might help us to scrutinize the predictions of the relationship 
between parental body size and reproductive success without confounding environmental 
noise and to improve our understanding of the mechanisms behind this relationship. I 
demonstrated the importance of large fish to reproductive success and advocate studying 
individual reproductive characteristics to determine the level of contribution of different-sized 
fish to the reproductive success. Furthermore, better understanding of the effect of parental 
size on reproduction allows for more reliable evaluation of the consequences when the 
average size of reproducing fish changes as a result of, for example, size-selective fishing or 
stocking practices. 
3.4.2 The behavioral aspect of size-selective fishing 
Most of the studies of size-selective fishing are focusing on its effects on population 
demographic structure (e.g., Trippel et al. 1997, Scott et al. 1999) or size-related life-history 
traits (e.g., Ricker 1995, Swain et al. 2007). However, body size (i.e., the trait selection is 
operating on) may correlate genetically with physiological and behavioral traits, such as food 
conversion ratio and feeding behavior (Walsh et al. 2006). Consequently, selection operating 
on body size can be expected to operate also on the underlying physiological and behavioral 
traits (Fig. 8). The last paper of my thesis (Paper V), “A behavioral perspective on fishing-
induced evolution”, introduces the less studied aspect of the behavioral, and underlying 
physiological, responses to size-selective fishing. I point out that in passive fisheries, 
individual’s vulnerability to capture can be largely determined by specific behavioral patterns, 
such as activity and boldness, rather than body size per se. Selection on behavioral traits can 
further drive changes in correlated life-history traits as active, bold and vulnerable individuals 
tend to grow faster compared to shy and docile fish (Walsh et al. 2006, Biro and Stamps 
2008). Thus, the observed decreased average body size in an exploited stock can result from 
direct selection on body size or from selection on correlated behavioral traits. Studying the 
response in these intertwined traits to size-selective fishing could help us to understand the 
mechanisms underlying the observed changes, increase our understanding of the extent and 
31 
 
direction of fishing-induced changes and further facilitate the predictions made of the long-
term effects of size-selective fishing. 
 
Figure 8. Mechanistic pathway of fishing-induced evolution by selection on fishing vulnerability, 
which can be determined by physiological, behavioral and life-history traits. 
  
4 THE GENETIC EFFECTS OF SIZE-SELECTIVE 
HARVESTING – PRELIMINARY RESULTS 
A question being asked in fisheries science in recent years is whether life-history responses to 
size-selective fishing generally are affected by phenotypic plasticity, or by changes in 
genotype frequencies. Theoretical modeling work suggests that only few generations of 
selection are required to cause an evolutionary change in an exploited stock (de Roos et al. 
2006, Dunlop et al. 2007). However, such studies lack the necessary proof that the observed 
phenotypic changes are truly genetic and not a result of some unknown environmental factor. 
Conover and Munch (2002) studied the effects of size-selective harvesting experimentally by 
subjecting Atlantic silverside (Menidia menidia) populations to four generations of either 
large-, small- or random size-selective harvest and provided the first experimental evidence 
that size-selective fishing may cause genetic changes in exploited populations after only few 
generations of harvesting. However, their study provided merely circumstantial evidence for 
harvest-induced genetic changes as they lacked the molecular data which is needed to provide 
conclusive evidence for the potential of harvest-induced contemporary evolution.  
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Zebrafish genome has been sequenced and the molecular tools for the species are developed 
and available for use (http://zfin.org). This facilitated greatly my study of potential harvest-
induced evolutionary changes as I was able to combine the traditional benefits of a model 
system, i.e., highly developed molecular tools, and the benefits of using a wild zebrafish that 
expressed genetic variability (Whiteley et al. 2011) comparable to the natural populations. 
After describing the effects of size truncation to the reproductive success by using the first 
generation fish of the selection experiment (Paper IV), I continued the selection for four 
additional generations and then halted the harvesting for all treatments for one generation. In 
the F6 –generation, the fish selected for small body size were significantly smaller, in terms of 
standard length, compared to the fish selected for large body size or randomly. I further 
studied the changes in allele frequencies of selected outlier loci by using single nucleotide 
polymorphisms as genetic markers among the treatments and the results indicate that the 
populations selected for large and small body size differ genetically from each other and from 
the randomly-selected line, which served as a control treatment (Fig. 9). 
 
Figure 9. PC1-scores of the outlier loci (n = 27) plotted against generation (founder, F1, F3 and F6-
generation fish) illustrate the genetic differentiation between populations selected for large body size 
(indicated by blue circles) and population selected for small body size (indicated by small red 
diamonds). The green symbols (large diamonds) indicate the control treatment (fish selected randomly 
in respect to body size). Each selection treatment consists of two replicates.   
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After halting the selection for one more generation, I further showed that the fish selected for 
small and large body size differed in their growth and maturation schedules. Fish selected for 
small body size were significantly smaller at an early juvenile stage compared to fish selected 
for large or random body size but they seemed to express compensatory growth during the 
juvenile phase and ‘catch up’ the fish selected for large and random body size. However, 
when the fish reached the adulthood, growth of the fish selected for small body size stopped, 
or at least continued at a visibly decreased paste, compared to the fish selected for large body 
size and randomly. This could be explained by an earlier maturation among fish selected for 
small body size compared to fish selected for large body size. Indeed, the results from a 
separate maturation experiment indicate that fish selected for small body size had 
significantly higher probability to mature earlier and at smaller sizes compared to fish selected 
for large body size. After halting the selection altogether for three generations, the harvest-
induced changes in body size among the selection lines were still significant. These 
differences in body size further translated to differences in reproductive output and fish 
selected for small body size had significantly lower spawning probability and they produced 
significantly fewer eggs during the spawning trial compared to the fish selected for large or 
random body size.  
Here, I showed that after only five generations of harvesting populations, which evolved 
smaller body sizes had lower reproductive output compared to populations that evolved larger 
sizes. I further provided, for the first time, conclusive evidence that size-selective harvesting 
can cause evolutionary changes over a relatively short time period in experimental conditions. 
Thus, according to my results the phenotypic response to size-selective harvesting can have a 
genetic origin, although the applicability to the wild is not straightforward. Future studies are 
focusing on demonstrating the link between the observed phenotypic changes and genetic 
changes among the differently-selected fish by using quantitative genetics. Furthermore, more 
detailed genetic analyses are needed to identify potential candidate genes explaining the 
differences in the phenotypes among the differently-selected lines. Finally, the important 





In recent decades, large phenotypic changes, mostly in traits which are important for fisheries, 
are taking place in major fish stocks. The selective removal of large fish can reduce the 
fisheries yield and seriously lower the reproductive capacity of the exploited stock reducing 
the number of mature individuals and further decreasing the average body size of these 
individuals. In my thesis, I have demonstrated the importance of large females and males to 
reproductive success, which is further reinforced by the male size dependent female mate 
choice and differential allocation pattern. I have further provided conclusive evidence that 
size-selective harvesting may cause genetic changes in exploited populations after only five 
generations of selective harvesting. Regardless of the origin of the observed phenotypic 
changes in exploited stocks, it is clear that size-selective fishing may reduce the productivity 
of fish stocks by decreasing the average body size of spawners and thus their reproductive 
capacity. I emphasize that considerations of the role of female and male body size in 
reproductive success, the potential effect of mate choice and the possibility for a genetic 
change caused by size-selective fishing must be incorporated to the management plans. By 
doing so, we might be able to implement precautionary methods to reduce the deleterious 
effects of size-selective fishing and manage our fish stocks in a more sustainable way.  
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2. MATERIALS AND METHODS 
 (a) Experimental design 
The first 20 days post fertilization (dpf) larvae were raised in five liter plastic boxes (length: 
29 cm, width: 12 cm, height: 10 cm) in a stand alone unit with integrated mechanical and 
biological filters (Aquarien-Bau Schwarz, Göttingen, Germany; temperature 26.4 ± 0.7 °C; 
pH 8.4 ± 0.1; N-NO-2 < 0.3 mg l-1; N-NH+4 < 0.05 mg l-1; oxygen-level 8.1 ± 0.3 mg l-1). The 
stand alone unit was supplied with tap water with an inflow rate of 3 ml s-1 and the 
photoperiod was set as 14 h light : 10 h dark. Larvae were fed ad libitum eight times a day 
with freshly hatched Artemia-nauplii and larval dry food (TetraMin; Tetra GmbH; 47.0 % 
protein, 10.0 % fat).  
At age 20 dpf, 1250 larvae were transferred into 25 glass aquaria (volume: 45 l, 
length: 50 cm, width: 30 cm, height: 30 cm) in a recirculation holding facility equipped with 
biological filters at a stocking density of 2.2 individuals l-1. Fish were kept in the aquaria for 
an additional 65 days prior to the start of the feeding experiment. Aquaria were supplied with 
tap water (water inflow rate: 14.4 ± 4.3 ml s-1, temperature 27.1 ± 1.2 °C; pH 8.4 ± 0.2; N-
NO-2 < 0.3 mg l-1; N-NH+4 < 0.05 mg l-1; oxygen-level 7.4 ± 1.2 mg l-1) and the photoperiod 
was 14 h light : 10 h dark. Fish were fed ad libitum five times a day with commercial flake 
food (TetraMin; Tetra GmbH; 47.0 % protein, 10.0 % fat). 
At age 85 dpf, a feeding experiment was initiated using the same aquaria where the larval fish 
were reared until reaching the juvenile stage. At this point the standard length (mean ± SD) of 
the zebrafish was on average 14.8 ± 2.63 mm and wet mass was 67.2 ± 37.5 mg. Individual 
fish were randomly assigned to five different feeding groups and fed with 0.5 %, 1 %, 2 %, 4 
% or 8 % dry food of fish biomass per aquaria per day. 
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Each diet was applied in five replicated aquaria with 50 fish per aquarium (density of 
1.1 individuals l-1). Feeding was conducted five times a day and the food amount was adjusted 
every 10-15 days by weighing the fish and calculating new food amounts based on the 
biomass of fish per aquarium. At sampling, the maturity status of each female fish was 
determined by staining the oocytes in a solution of 96 % ethanol, 40 % formalin, 100 % acetic 
acid (in a ratio of 6:3:1) and observing the nucleus’ position in relation to the periphery of the 
oocyte. A female was classified as mature when at least one egg with a nucleus migrating 
towards the periphery was found among all the eggs in the gonads. This is a well-established 
method for determining the maturity status of female fish (e.g., Selman et al. 1993). At age 
197 dpf all the fish were culled and the experiment was concluded.  
(b) Randomization test 
A randomization test was conducted to test whether fish that were fed with different diets had 
different PMRN quantiles (Barot et al. 2004a). Diets were permutated randomly among 
females for each age class. This led to the creation of a new data set in which any difference 
among the maturation probabilities of fish from different diet treatments would only arise by 
chance. This step was repeated 1000 times. The likelihood-ratio test was used to test the 
significance of the diet effect on the possible shift in the intercept of the PMRN. The G2-
statistic of the likelihood-ratio test is described by  
G2 = -2(lnLR – lnL),         (4.1) 
where lnL is the log-likelihood for the hypothesized model with all the variables (age, length 
and diet; age, length, condition and diet) and lnLR is the log-likelihood for the hypothesized 
model when diet has been removed. The same calculations were applied to the original data 
without randomization and the randomized data sets. Diet was then considered to be a 
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significant determinant of the PMRN if less than 5 % of randomization for each age class led 
to higher values of the test statistic (G2-values) than the one computed for original data.  
Table S1. Final growth and condition models with their covariates and F-statistics. 
Model Variable F-value (df) P-value 
Growth Age × Diet 3.63 (4,317) < 0.01 
Conditiona Age × Diet 2.70 (4,311)   0.03 
 
a Non-significant, thus omitted covariates: Length × Diet (F4,311 = 1.85, P = 0.12), Age × Length (F5,312 = 1.56, P 
= 0.17), Length (F5,313 = 0.30, P = 0.59). 










Table S2. Maturity ogive models with their estimated coefficients and standard errors (SE) in 
zebrafish (Danio rerio). 




    
 
Intercept 
(0.5 % -diet) 





Length 0.48 (0.08) < 0.01 
Diet 1 % -0.17 (1.23)    0.888 
Diet 2 % 2.36 (1.08)    0.030 
Diet 4 % 2.52 (1.09)    0.020  
Diet 8 % 3.25 (1.09) < 0.01 
Three-dimensional 
    
Intercept -20.5 (2.39) < 0.01 
Age 0.03 (0.01) < 0.01 
Length 0.61 (0.08) < 0.01 
Condition 15.3 (2.54) < 0.01 




Figure S1. Probabilistic maturation reaction norms with 75 % (a,c) and 25 % quantiles (b,d) 
estimated for two-dimensional, age- and length-based (a,b) and three-dimensional, age-, 
length- and relative condition-based (c,d) PMRN models. Standard length on the y-axis 
represents the length at 75 % and 25 % maturation probability. PMRNs were estimated for the 
time periods data was available. The PMRNs are non-linear due to the age × diet –interactions 
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ABSTRACT 
Organisms typically allocate resources to reproduction in response to the costs and benefits of 
current and future reproductive opportunities. According to differential allocation hypothesis 
females allocate more resources to high-quality males, whereas the reproductive 
compensation hypothesis suggests that under constrained mate choice females invest more 
resources to low-quality, less preferred males. We tested whether zebrafish, a species with a 
resource free mating system, express male size-dependent differential allocation patterns in 
monogamous spawning trials and whether mate preference and reproductive allocation pattern 
by females are affected by previous male-quality experience indicating plasticity in mate 
choice. Females were conditioned to large, small or random-sized males (control) for 14 days 
to influence females’ expectations of the future mate quality. Female zebrafish showed a clear 
preference for large males in terms of spawning probability, clutch size, and likely also egg 
quality. This pattern was largely independent of the conditioning treatment, providing the first 
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conclusive evidence of differential allocation in this species. However, when females 
experienced variation in male size (random-sized conditioning treatment) they discriminated 
less against small males compared to females conditioned to large and small males. This 
might suggest that differential allocation is of less relevance in nature than revealed in the 
present laboratory study, despite our finding of a general preference for large males by 
zebrafish females.  




Sexual selection represents selection for traits that increase an individual’s reproductive 
success. In many mating systems males compete for access to females (i.e., intra-sexual 
selection), and females in turn select the most attractive male to mate with (i.e., inter-sexual 
selection; Andersson 1994). Female mate choice is believed to have evolved because it 
provides females with direct, material benefits (e.g., nutrition, parental care; Heywood 1989, 
Kirkpatrick 1996) or indirect, genetic benefits (sexy son and good genes –hypotheses; Zahavi 
1975, Lande 1981) that collectively should increase female’s fitness. Males of many species 
develop a range of secondary sexual characters and traits, ranging from body ornaments (e.g., 
kype and adipose fin in Atlantic salmon, Salmo salar, Järvi 1990; antlers in red deer, Cervus 
elaphus, Kruuk et al. 2002) to song duration (e.g., in tree frogs, Hyla versicolor, Welch et al. 
1998) and distinct coloration (e.g., in guppies, Poecilia reticulata, Houde and Endler 1990), to 
signal their attractiveness as mating partners. In species that lack obvious secondary sexual 
traits, male body size may constitute an important sexually selected character, and large males 
of some fish species have been shown to provide females with direct fitness benefits, for 
example better nests (e.g., minnow, Pimephales promelas, Hudman and Gotelli 2007) or 
better offspring care (e.g., smallmouth bass, Micropterus dolomieui, Wiegmann and Baylis 
1995). In species where material benefits offered by males and male body size correlate 
positively, females are consequently expected to prefer mating with a large male (e.g. 
scorpionfly, Harpobittacus nigriceps, Thornhill 1983; desert beetle, Parastizopus armaticeps, 
Rasa et al. 1998; minnow, Hudman and Gotelli 2007). However, females may exercise size-
dependent mate choice also in the absence of any obvious material resources offered by the 
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male (i.e., species with a resource free mating system), in which case mating preferences must 
be a result of indirect, i.e.,. genetic, benefits offered by the male (Zahavi 1975).  
Reproduction is energetically costly and usually affects future growth and survival (Bell 1980, 
Reznick 1985, Roff 1992). Therefore individuals should weigh costs and benefits of investing 
in reproduction with their current mate against the expected quality and corresponding fitness 
prospects offered by future mates (Burley 1988). According to the differential allocation (DA) 
hypothesis females are expected to invest more when they are paired with high-quality males 
compared to low-quality males, thereby generating a positive relationship between partner 
quality and reproductive investment (Burley 1988, Sheldon 2000). A theoretical study showed 
that DA should be an optimal strategy under many environmental conditions unless future 
mate choice is constrained (Harris and Uller 2009). In nature, an individual usually 
experiences variation in the attractiveness of potential mates it can breed with over its 
lifetime, but selection should nevertheless favor individuals that allocate resources towards 
mates offering greater fitness prospects (Sheldon 2000). Wide-range empirical support for DA 
has been obtained across many animal species, and it appears that DA influences many 
systems of mate choice and parental investment (reviewed in Sheldon 2000). 
The DA hypothesis has been contradicted by the reproductive compensation (RC) hypothesis, 
which suggests that rather than increasing investment when paired with a high-quality partner, 
females should increase investment when paired with a poor-quality male to compensate for 
the potential negative effects of low male quality on offspring fitness (Gowaty et al. 2007). An 
allocation pattern consistent with RC has been reported, for example, in pipefish (Syngnathus 
typhle; Goncalves et al. 2010), mallard (Anas platyrhynchos; Bluhm and Gowaty 2004), house 
mice (Mus musculus; Drickamer et al. 2000), and in zebra finch (Taeniopygia guttata; Bolund 
et al. 2009). Unlike DA, which in theoretical models was found robust across broad range of 
ecological conditions, RC is predicted to occur only under restricted conditions and is 
particularly likely to occur when future fitness prospects and mating opportunities are low 
(Gowaty et al. 2007, Harris and Uller 2009). The expected future mate quality thus strongly 
affects the allocation pattern in both DA and RC hypotheses (Burley 1988, Gowaty et al. 
2007). When mate choice is constrained and the expected future mate quality is low or 
sampling costs for a high-quality mate are high, females may express RC (Gowaty et al. 
2007). On the other hand, DA is the expected allocation pattern when the quality of the 
current mate is higher than that of the future mate (Burley et al. 1988). Ideally, females need 
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information of the present and future mate quality in order to choose the optimal allocation 
pattern.  
Females typically show variability in their mate preference (Jennions and Petrie 1997). Such 
variation can be based on genetic differences among females (Bakker and Pomiankowski 
1995, Bakker 1999) or it might be environmentally induced and reflect phenotypic plasticity 
(e.g., Milinski and Bakker 1992, Lehtonen 2007, Olofsson et al. 2011). Previous experience 
(Bakker and Milinski 1991, Breden et al. 1995, Walling et al. 2008) or social learning patterns 
(Witte and Ryan 2002, Brown and Laland 2003), in particular, may cause experience-
dependent plastic changes in female mate preferences over time. If females are forced to 
sample potential mates sequentially and to compare the present mate with the ones she met 
previously, she is likely to rate males based on the attractiveness of a previous male, thus 
exhibit some plasticity in mate choice (Bakker and Milinski 1991, Milinski and Bakker 1992). 
In sticklebacks (Gasterosteus aculeatus), female’s internal standards for male quality have 
indeed been found to be adjustable so that a given male is rated higher by a female when 
preceded by a less attractive than by an attractive male (previous male effect; Milinski and 
Bakker 1992). Furthermore, mating preferences can be lost or reversed when the social 
environment changes. In particular, any social environment consisting of different-sized 
males, may mediate the expected future mate quality and thus influence female’s allocation 
pattern in species where male size signals high quality (Walling et al. 2008).  
Considering the diversity of mating systems in fish, surprisingly few experimental studies 
have been conducted on the DA hypothesis in this taxon and especially few studies are present 
in species, which lack parental care or other obvious male-contributed spawning resources 
(for notable exception, see Skinner and Watt 2007, Evans et al. 2010). Zebrafish (Danio rerio) 
is a batch spawning fish with no parental care (Spence et al. 2008), and although it lacks clear 
secondary sexual characteristics, zebrafish females have been shown to discriminate particular 
traits of males during spawning (Turnell et al. 2003, Spence and Smith 2006). Some studies 
have shown females to prefer large males (Pyron 2003), whereas other studies have reported 
contradictory findings both in term of association preference (Hutter et al. 2010) and 
spawning success (Spence and Smith 2006). Watt et al. (2011) found dominant males to sire 
more offspring than subordinate males. Dominant males have been shown to be larger and 
more aggressive than subordinate zebrafish males (Paull et al. 2010). Similarly, territorial 
males have been found to be larger than non-territorial males (Spence and Smith 2005), with 
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territorial males siring more offspring at low densities (Spence et al. 2006). In their pioneering 
study on DA in zebrafish in relation to male body size, Skinner and Watt (2007) showed that 
zebrafish females allocated more eggs to larger males in the second of the two monogamous 
spawnings when mated with a small or large male in short sequence under conditions of 
sensing the presence of both male sizes during the mating trials. Because DA was not 
expressed in the first spawning, the evidence for differential allocation in zebrafish remains 
weak. However, although zebrafish males do not provide females any parental care or other 
obvious direct resource benefits, females may still express DA because large males may 
provide indirect, genetic benefits (Kirkpatrick and Ryan 1991, Andersson 1994, Spence et al. 
2006) and signal territoriality (Spence and Smith 2005) leading potentially to access better 
oviposition sites. 
In the present study, we tested 1) whether females express DA in zebrafish which represents 
an example of a fish species lacking parental care and other obvious male-derived resources 
and 2) whether the allocation pattern is plastic and can be altered by manipulating the 
expected future mate quality by conditioning females to various male sizes. We considered 
DA a general strategy for many iteropareous organisms that face variation in mate quality. 
However, such preference might be plastic and amendable to change by manipulating the 
expected future mate quality (i.e. exposure to different male sizes), so that females reared 
under constrained availability of high quality males may show plasticity in their allocation 
pattern and express RC rather than DA, as suggested by Gowaty et al. (2007) and Harris and 
Uller (2009). Our study is among the few to focus on a fish species with a largely resource 
free mating system where DA is expected to be less pronounced than in mating systems where 
males of different qualities provide obvious benefits to females (e.g., nest guarding). 
 
2. MATERIALS AND METHODS 
(a) Experimental fish and holding conditions 
Our experimental fish were the third generation offspring from a wild zebrafish population 
captured from a river system 70 km west of Coochbihar (West-Bengal, India, 22.56°N, 
87.67°E). Fish were raised in glass fiber – polyester tanks (volume 320 l) in a light (14 h light 
: 10 h dark) and temperature controlled (mean ± s.d. 26.8 ± 0.79 °C) recirculation facility with 
88 
 
an inflow rate of 0.25 ls-1. The stocking density was 0.9 ± 0.2 individuals l-1. Fish were fed ad 
libitum with Artemia nauplii (Inve Aquaculture NV) and commercial flake food (TetraMin, 
Tetra GmbH; 47 % protein, 10 % fat). 
(b) Conditioning females to different-sized males 
To study whether manipulating the expected future mate quality changes female mating 
preferences or allocation pattern of reproductive resources, we conditioned females to social 
environments, which consisted of different-sized males (random-sized, large and small) for 14 
days (table 1). The conditioning time of 14 days was chosen because it has been shown that 
zebrafish can learn tasks in as few as 10 days and for example display rapid, reliable food 
conditioning (Williams et al. 2002, Colwill et al. 2005) and alarm reactions (Hall and Suboski 
1995). We thus assumed that zebrafish females would also be able to internalize social 
preferences and male size structure in a conditioning period of 14 days.   
It has been suggested in theoretical models that female and male age may mediate the mate 
preference (Kokko 1997) and allocation patterns (Jennions and Petrie 1997, Harris and Uller 
2009). Therefore, the fish used in our experiment were all the same age (150 days post 
fertilization; dpf). Zebrafish start maturing at age 90 dpf (Schilling 2002) and our test 
population’s females at length of 19 mm (Uusi-Heikkilä et al. 2011), thus we were confident 
that all the females used in the experiment were mature (standard length mean ± s.d.: 27.7 ± 
1.21 mm). Owing to the potentially aggressive, female stress-inducing behavior by the 
relatively largest and thus most dominant males in zebrafish (Uusi-Heikkilä et al. 2012), the 
body size of males assigned to the different conditioning treatments was controlled such that 
males were never larger than females (table 1). 
After the females and males were randomly assigned to the different conditioning treatments, 
the fish were stocked in aquaria (volume: 45 l), which were controlled for light (14 h light : 10 
h dark) and temperature (mean ± s.d. 25.6 ± 1.13 °C). The stocking density was 1.1 
individuals l-1 with the 1:1 sex ratio. In order to block the olfactory cues among the 
conditioning treatments, fish assigned to different treatments were reared in separate 
recirculation systems (inflow rate of 0.14 ± 0.43 l s-1), and additionally the aquaria were 
covered to prevent any visual contact among fish during the conditioning.  
(c) Spawning period and data collection 
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After 14 days of conditioning the females to different-sized males, a two day spawning trial 
was initiated to study the potential differences in reproductive allocation among females 
originating from different social environments. To obtain a maximal reproductive output in 
such a short time period, females were isolated from males for 24 hours (Westerfield 1994) 
after which the fish were transferred into spawning boxes (volume: 3 l) designed to prevent 
egg cannibalism by separating the spawning fish from the eggs by a mesh construction 
(Aquarien-Bau Schwarz, 37081 Göttingen, Germany). Individual females from different 
conditioning treatments (i.e., reared with random-sized, large or small males) were stocked 
into the spawning boxes either with a large male (27.2 ± 1.41 mm) or a small male (22.6 ± 
1.06 mm). The difference in body length between large and small males was statistically 
significant (t105.9 = 20.81, p < 0.001). It has been shown that familiarity can influence fish 
behavior and breeding performance (e.g. Griffiths et al. 2004, Gómez-Laplaza and Fuente 
2007), therefore the males used in the spawning trial were novel individuals (i.e. reared 
separately) to avoid any bias in reproductive performance caused by potential mate 
familiarity. Large (t87.07 = -0.303, p = 0.762) and small males (t122.7 = 1.337, p = 0.184) used 
for conditioning and for spawning did not differ in their standard length. From all three 
conditioning treatments 10 females were coupled with a large male and 10 females were 
coupled with a small male, except from the random-sized male conditioning treatment only 
seven females were coupled with a large male. Spawning boxes were stocked with one female 
and one male and visual and chemical contact was prevented among the boxes during the two 
days spawning period. 
Zebrafish spawn within the first few hours after sunrise (Hisaoka and Firlit 1962), thus the 
assessment of reproductive output took place between 0800 and 1000 hours (automatic light-
on in the spawning facility was at 0600 hours). The spawning boxes were cleaned on both 
days, the occurrence of spawning was assessed and the number of eggs was counted. For 
assessing the egg fertilization probability, we enumerated fertilized eggs from unfertilized 
eggs. Only clutches larger than 20 eggs were used in the egg fertilization probability 
estimation to avoid inflated egg fertilization probability estimates due to random egg 
mortalities in very small clutch sizes.  
(d) Statistical analyses 
We used generalized linear model (GLM) to determine the effect of conditioning treatment 
and male body size on spawning probability, clutch size (i.e. number of eggs per female per 
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day) and egg fertilization probability. In all of the analyses, rearing treatment (i.e. random-
sized, large or small males), male size (i.e. large or small male) and their interaction were 
treated as fixed effects. The individual couple and spawning day were set as random effects to 
estimate the variation among couples and between the days that could not be related to the 
conditioning treatment or male body size. The amount of variance associated to the random 
variables was estimated through variance components. Couples which did not produce any 
eggs during the two-days spawning period were excluded from the clutch-size analysis. 
Clutch size was modeled through Poisson regression and spawning probability and egg 
fertilization probability were modeled through binomial regressions. If data were over-
dispersed, the quasi-Poisson or quasi-binomial distributions were used. Statistical significance 
of fixed effects was determined by chi square test comparisons of successively simpler 
models, which agreed with Akaike Information Criterion (AIC) model selection methods. 
In the results, mean values are presented with standard errors. All data were considered 
statistically significant at p< 0.05. All statistical analyses were performed with R 2.13.1. with 
the lme4 package (R Development Core Team 2009).  
 
3. RESULTS 
Male size during spawning trials had a significant effect on spawning probability, while the 
conditioning treatment did not affect it, and there was no interaction between the conditioning 
treatment and male size (table 2). The spawning probability was higher when spawning 
occurred with large (0.46 ± 0.05) relative to small males (0.25 ± 0.04; figure 1a, table 2). A 
substantial amount of variation (76.3 %) was associated to the individual couples. Spawning 
day could be excluded from the model since virtually no variation was associated to this 
variable (< 0.001 %).   
The average clutch size (number of eggs produced by a female per day) was significantly 
higher among females crossed with large males (169 ± 25.1) compared to females crossed 
with small males (94.9 ± 18.5; figure 1b, table 2) when pooled across the conditioning 
treatments. The conditioning treatment did not have a significant effect on clutch size, 
although it approached statistical significance (P = 0.073, table 2). Indeed, it appeared that the 
DA pattern in the random-sized male treatment was less pronounced than in the conditioning 
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treatment with large and small males. The interaction between conditioning treatment and 
male size did not have a significant effect on egg production (table 2). In terms of clutch sizes, 
48.7 % of the variation was associated to the individual couples and 8.08 % to the spawning 
days.  
Conditioning treatment did not have a significant effect on egg fertilization probability but as 
in clutch size there was a strong trend (p = 0.069) in terms of differences in egg fertilization 
probability between large and small males: the difference was smaller in the random-sized 
treatment (large male: 0.63 ± 0.01, small male: 0.69 ± 0.01) compared to females reared with 
either large (large male: 0.55 ± 0.01, small male: 0.41 ± 0.03) or small males (large male: 0.51 
± 0.01, small male 0.32 ± 0.02; figure 1c). Similarly, the male size effect approached 
statistical significance (p = 0.064) as the egg fertilization probability was higher across the 
conditioning treatments among females coupled with large males (0.56 ± 0.01) compared to 
small males (0.47 ± 0.01). The interaction between the rearing treatment and the male size 
was not significant (table 2). In terms of egg fertilization probability, 56.6 % of the variance 
was associated to the couples and 1.78 % to the spawning day.  
 
4. DISCUSSION 
In accordance with our study hypothesis, we demonstrated that zebrafish females 
differentially allocate reproductive resources in terms of egg numbers based on the size-
dependent attractiveness of their mate and they also show a greater propensity to spawn with 
larger males. Furthermore, the egg fertilization probability, which given the absence of a 
correlation between male body size and the amount or the quality of sperm in zebrafish 
(Skinner 2004) can be interpreted as an indicator of egg quality (e.g., Bromage et al. 1994), 
was higher in spawning trials involving large males. This suggests that females released more 
and higher quality eggs to large males compared to smaller conspecifics. We found this result 
to be largely robust against the male-size dependent social environment females were 
previously exposed to, although the differential allocation (DA) pattern seemed to be less 
pronounced in the control treatment where females were exposed to random-sized males prior 
to spawning. Our findings constitute the first unambiguous demonstration of DA in zebrafish 
as an example of a resource free mating system. By contrast, we found no evidence for the 
reproductive compensation (RC) hypothesis (i.e., females allocating more reproductive 
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resources towards low quality, small males; Gowaty et al. 2007) in zebrafish as the allocation 
pattern was largely unaffected by the conditioning treatment.  
Our study is one of the few studies (see also Reyer et al. 1999, Skinner and Watt 2007, Evans 
et al. 2010) demonstrating the existence of DA in a species with a resource free mating 
system, thereby complementing the more contrived finding of DA previously reported in 
zebrafish by Skinner and Watt (2007). In their study females could sense the presence of an 
alternative male in all monogamous spawning trials, even when females were temporarily 
exposed to a less preferred male. Therefore, the females may have released eggs for a less 
preferred male (i.e. small) in a first spawning as spawning with a more preferred male (i.e. 
large) was perceived possible in the future. In our study, on the other hand, females were 
isolated visually and chemically from other study males and unlike Skinner and Watt (2007), 
we were able to immediately show a clear pattern of DA. Although females conditioned to 
large males (28.2 mm) were on average slightly larger compared to females conditioned to 
small (27.6 mm) and random-sized males (27.2 mm, table 1), our results seemed to be 
unaffected by that as females conditioned to large males expressed a similar level of DA 
relative to females conditioned to small males (figure 1). 
We found that the DA by female zebrafish was less pronounced among females held with 
random-sized males where the conditioning treatment consisted of both small and large males. 
These females appeared to be less discriminative towards small males potentially because the 
continuous variation in male size did not promote perceptual discrimination against 
unpreferred (Pyron 2003), small males as females were trained to expect the possibility to 
encounter a large male in the future. Females reared with small males expressed clear DA 
pattern as their spawning probability and egg allocation was greater when the quality of the 
male encountered was higher (large male) than the expected future mate quality (small male). 
Females conditioned to large males, on the other hand, may have developed a threshold 
criterion (Wittenberger 1983) according to which they do not mate or at least allocate less 
reproductive resources to males not exceeding the threshold (small male). Obviously we can 
only speculate about the plausible explanations regarding the previous male effect (Bakker 
and Milinski 1991) but the fact that females reared with random-sized males seemed to be less 
discriminative in terms of allocating reproductive resources (i.e., clutch size and egg quality) 
suggests some degree of socially mediated plasticity in allocation, which possibly reduces the 
prevalence of DA in more natural conditions.  
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In various species, females can enhance their fitness by choosing a mate who can provide, for 
example, a better nest site or more intensive care for the offspring (Thornhill 1983, Price 
1984, Lightbody and Weatherhead 1988). The mechanism for why female zebrafish prefer 
(Pyron 2003) and strategically allocate eggs to larger males is less clear as this species lacks 
obvious male-derived spawning resources. However, it has been shown that in zebrafish male 
body size correlates with territoriality and it is known that females release more eggs to 
territorial males compared to non-territorial ones (Spence and Smith 2005). Territorial males 
might provide females better oviposition sites, thus an important resource for the developing 
larva, and this might be the mechanism why females prefer spawning with larger males. 
However, in semi-natural conditions males rarely express territoriality but mostly pursue 
females actively (Hutter et al. 2010). Thus, it is not clear whether territoriality is a typical 
behavioral strategy among zebrafish males in nature. In addition to direct benefits, zebrafish 
females may also receive indirect, genetic benefits from large males. According to the good 
genes hypothesis females gain an evolutionary advantage by mating with a high-quality male 
and passing those genes on to the offspring (Zahavi 1975). In zebrafish, large male body size 
can be associated with high male quality as large individuals are more dominant in the social 
hierarchy and thus are able to govern the feeding opportunities (Grant and Kramer 1992, 
Hamilton and Dill 2002, Filby et al. 2010). Indeed, large (but not very large) males have been 
previously reported to exhibit higher reproductive success compared to small males (Spence 
and Smith 2005, Uusi-Heikkilä et al. 2012). However, it has not been shown whether the 
mechanisms behind the high reproductive success of large males were direct paternal effects 
or indirect maternal effects related to female differential allocation. Results of our study 
clearly suggest that female DA may play a prominent role in determining the higher 
reproductive success of large males. One has to keep in mind, though, that the higher 
spawning probability and per capita egg production to large males in the present study may 
have been facilitated by male behavior, not female allocation. Large males may be more 
active and aggressive in initiating spawning than small males and this could have lead to 
higher spawning probability, egg production and fertilization rate (Foote et al. 1997, McGhee 
et al. 2007). In zebrafish, however, the very small subordinate males have been shown to sire 
more offspring compared to larger-sized subordinates in the presence of dominant males 
potentially to compensate for their overall lower attractiveness (Watt et al. 2011). Because we 
found clear evidence for discrimination against the small males, male behavior is not a 
plausible mechanism explaining the differential egg production observed in our study. We are 
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thus confident that we have documented female mate choice and DA rather than male ability 
to stimulate female egg release.  
There is evidence that social factors are important in influencing mate choice and that 
experience with different male phenotypes can affect mate preferences in fish (Breden et al. 
1995, Verzijden and ten Cate 2007, Walling et al. 2008). Therefore, it was reasonable to 
assume that in zebrafish the preference and allocation pattern may also be adjusted, at least to 
certain degree, by changing the social environment. We predicted that low frequency of high 
quality-males (i.e., females conditioned to small males) leads to increased sampling costs 
among females and shift their preferences so that less attractive males are also accepted 
(Bakker and Milinski 1991, Milinski and Bakker 1992). However, in contrast to our 
expectations changes in social environment did not induce plasticity in female mate 
preference or strongly alter the egg allocation pattern. Instead females consistently preferred 
large males independent of the conditioning treatment, although there was a trend for a 
weakened discrimination against small males in our control group. It has been reported that 
strong social preferences are formed when zebrafish are juveniles (Engeszer et al. 2004, 
Moretz et al. 2006), and conditioning mature adults for a relatively short time period was 
potentially not enough to create a strong social imprinting. Although short term changes in 
adult social environment might not induce a plastic response in zebrafish mate preference and 
allocation pattern, changes in density and sex-ratio might alter the reproductive success of 
different-sized males. It has been shown that large (territorial) males have higher reproductive 
success, potentially reflecting female DA, in low densities (3 individual groups), but not in 
high densities (15 individual groups; Spence and Smith 2005, Spence et al. 2006). In high 
densities the female oviposition may be interrupted more frequently and the risk of egg 
cannibalism may be enhanced (Spence and Smith 2006), thus high density may introduce 
relatively high fitness costs to the female. Consequently, females may reduce their selectivity 
and allocate equal amounts of reproductive resources to small and large males (Spence and 
Smith 2005). Alternatively, this result could have been a consequence of intense male-male 
competition where male interactions played a predominant role and overwhelmed female 
preferences. We admit that the results from isolated monogamous studies, such as ours, may 
not always be accurate indicators of mate preferences and differential allocation in nature. In 
fact, it is possible that female mate choice and allocation can be altered by the presence of 
other males and females, thus more realistic social interactions (McGhee et al. 2007). 
However, it has been shown that wild zebrafish spawn in pairs rather than in groups (Hutter et 
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al. 2010) and therefore the allocation pattern is potentially less affected by density-dependent 
interactions among individuals in nature. Further studies are needed to investigate the effect 
of density and group size in zebrafish spawning behavior and reproductive success in natural 
conditions. 
We showed that females prefer and allocate more eggs towards large males compared to small 
ones. Although large zebrafish males may be preferred by females and superior in many ways 
compared to small ones, large males may have a selective disadvantage under specific 
environmental conditions (Kasumovic and Andrade 2009, Watt et al. 2011), which were not 
part of our experimental design. As competitive environments fluctuate, there may be no 
single optimal phenotype, and to maximize fitness, individuals must match their phenotype to 
the specific competitive challenge they are likely to encounter (Lehtonen 2007, Kasumovic 
and Andrade 2009). Although zebrafish females preferred large males over small ones, some 
females spawned with and produced eggs to small males as well. This behavior was 
particularly pronounced among females reared with random-sized males, an environment that 
reflects the variation in male body size occurring in nature. In zebrafish, small males are 
suggested to actively pursue females whereas large males guard territories (Spence and Smith 
2005, but see Hutter et al. 2010) and it is possible that owing to these different male 
reproductive behavior small males have a selective advantage under specific competitive 
contexts (Watt et al. 2011), thus selection for male body size is not expected to be directional. 
We nevertheless showed for the first time in zebrafish that female preference towards large 
males was relatively persistent across different social environments, potentially reflecting 
high fitness benefits females can receive from large males in benign, laboratory environment. 
However, a future goal could be to broaden the search for the forces causing female mate 
preference and to study how these mechanisms interact. It would be important, in particular, 
to know what environmental variables (e.g., predation risk, competition, social interactions) 
can induce variation in mate preference and egg allocation, how repeatable the results are at 
the individual level and how the variation in female preferences affects the mean offspring 
fitness.    
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Figure 1. a) average spawning probability, b) average clutch size per day, and c) average egg 
fertilization probability among females from different conditioning treatments coupled with 
either large or small males. Error bars indicate standard errors. 
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Table 1. The standard length (mean ± sd) of females and males used in different conditioning 
treatments. N indicates the number of females (i.e. the number of individual couples) used in 
the spawning trial.  
Conditioning treatment Females Males 
Random-sized males 27.2 ± 0.69 mm 
N = 37 
25.0 ± 2.49 mm 
Large males 28.2 ± 1.45 mm 
N = 40 
27.1 ± 1.54 mm 
Small males 27.6 ± 1.17 mm 
N = 40 













Table 2. The effect of conditioning treatment, male size and their interaction on reproductive 
parameters in zebrafish. Significant predictors are indicated in bold. 
Trait Variable Estimated 
parameter values 
(SE) 




Male size  
Small (Intercept) 
        Large 















Clutch size Treatment 
Male size 
        Small (Intercept) 
        Large 
Treatment × Male size 
 
 
 3.633 (11.28) 


























a χ2 -value from the deletion of the variable from the full model 
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